unc-3-dependent repression of specific motor neuron fates in Caenorhabditis elegans  by Prasad, Brinda et al.
Developmental Biology 323 (2008) 207–215
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyunc-3-dependent repression of speciﬁc motor neuron fates in Caenorhabditis elegans
Brinda Prasad a,b, Ozgur Karakuzu c,d, Randall R. Reed a, Scott Cameron c,⁎
a Department of Molecular Biology and Genetics and Center for Sensory Biology, The Johns Hopkins University School of Medicine, 725 North Wolfe Street, PCTB 818 Baltimore,
MD 21205, USA
b Regeneron Pharmaceuticals, 777 Old Saw Mill River Road, Tarrytown, NY 10591, USA
c Department of Pediatrics, Division of Pediatric Hematology–Oncology, 6000 Harry Hines Boulevard, University of Texas Southwestern Medical Center at Dallas, Dallas, TX 75390-9148, USA
d Department of Molecular Biology 6000 Harry Hines Boulevard, University of Texas Southwestern Medical Center at Dallas, Dallas, TX 75390-9148, USA⁎ Corresponding author. Fax: +1 214 648 1488.
E-mail address: scott.cameron@utsouthwestern.edu
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.08.029a b s t r a c ta r t i c l e i n f oArticle history: unc-3 encodes the Caenorh
Received for publication 9 May 2008
Revised 13 August 2008
Accepted 15 August 2008
Available online 9 September 2008
Keywords:
Motor neuron fate
unc-3
pag-3
olf-1
Ebf-1
Gﬁ-1abditis elegans ortholog of the Olf-1/Early B cell factor family of transcription
factors, which in vertebrates regulate development and differentiation of B lymphocytes, adipocytes, and
cells of the nervous system. unc-3 mutants are uncoordinated in locomotion. Here we show that unc-3
represses a VC-like motor neuron program in the VA and VB motor neurons, which in wild-type animals
control backwards and forwards locomotion, respectively. We identify a physical interaction between UNC-3
and the C2H2 zinc ﬁnger transcription factor PAG-3, the mammalian homologs of which are coexpressed in
olfactory epithelium and hematopoietic cells. Our data explain the locomotory defects of unc-3 mutants and
suggest that interactions between unc-3 and pag-3 orthologs in other species may be functionally important.
© 2008 Elsevier Inc. All rights reserved.Introduction
The known and essentially invariant cell lineage of Caenorhabditis
elegans provides a basis for examining the mechanisms that establish
cell fates with single cell resolution (Sternberg and Horvitz, 1984). The
characterization of C. elegans mutants that move in an uncoordinated
fashion has revealed genes that together generate the proper numbers
and types of motor neurons, including genes that encode transcription
factors. Among these genes is unc-3, originally identiﬁed by Brenner
in the initial description of C. elegans as an organism with tractable
genetics (Brenner, 1974).
unc-3 encodes a 511 amino acid variant HLH protein that is highly
conserved in other species (Dubois and Vincent, 2001; Prasad et al.,
1998). Vertebrate homologs of unc-3 include four Olf-1/Early B cell
factor genes of mice (Garel et al., 1997; Hagman et al., 1993; Wang and
Reed, 1993; Wang et al., 1997, 2002). Genetic analyses of O/E genes
indicates that they have overlapping expression patterns and func-
tions in the central nervous system, including directing projection of
neuronal axons to the olfactory bulb and through the thalamus (Garel
et al., 1999, 2002; Wang et al., 2004) (Davis and Reed, 1996; Wang et
al., 1997).(S. Cameron).
l rights reserved.In C. elegans, unc-3 is expressed in the two ASI chemosensory
neurons and in motor neurons of the ventral nerve cord (Prasad et al.,
1998). In the ASI neurons, unc-3 prevents transcription of genes
characteristic of other types of neurons; in some cases these genes are
direct targets of the UNC-3 protein (Kim et al., 2005).
unc-3 mutants are also profoundly defective in locomotion
(Brenner, 1974). The ventral nerve cord motor neurons of unc-3
mutants have axon fasciculation defects, neuromuscular junctions at
ectopic sites and make inappropriate synapses with interneurons
(Durbin, 1987; Prasad et al., 1998).
In wild-type newly hatched larvae, the ventral nerve cord and
associated ganglia contain 22motor neurons of three classes (White et
al., 1986). Ablation of individual classes of motor neurons in newly
hatched animals resulted in a model for locomotion in which the A
and B class motor neurons mediate muscle contraction for backward
and forward movement, respectively (Chalﬁe et al., 1985). An
additional 53 neurons are added to the ventral nerve cord during
postembryonic development. With speciﬁc exceptions, the fates
adopted by these neurons are strikingly correlated with their lineage
histories (Sulston, 1976; Sulston and Horvitz, 1977). For example, the
motor neurons generated as the most anterior descendant in the P cell
lineages adopt a VA motor neuron fate (Pﬂugrad et al., 1997; Sulston
and Horvitz, 1977; White et al., 1976). The embryonic DA and
postembryonic VA motor neurons share features, including ante-
riorly-directed axonal processes, similar synaptic inputs from
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Niemeyer, 1995; Pﬂugrad et al., 1997; White et al., 1986). Comparable
similarities exist for the embryonic and postembryonic B and D class
motor neurons (White et al., 1986).
Here we establish a role for unc-3 in specifying a portion of this
precise pattern of motor neuron development. We describe the
expression pattern of unc-3 in the postembryonic motor neurons and
changes in the pattern of motor neuron fates in unc-3 mutants. Using
a laser to ablate speciﬁc cells in the P cell lineages of unc-3 mutants,
we demonstrate that unc-3 represses a VC-like motor neuron fate in
the VA and VB motor neurons.
Materials and methods
Isolation of unc-3 mutations
Plin-11gfp hermaphrodites were mutagenized with EMS (Brenner,
1974), and mutants with an abnormal number of ﬂuorescent nuclei
were identiﬁed. From a screen of approximately 20,000 haploid
genomes using a stereomicroscope equippedwith epiﬂuorescence, six
mutants with an increased number of ﬂuorescent nuclei were
recovered. All six mutants exhibited an uncoordinated movement
defect that cosegregated with an increased number of ﬂuorescent
nuclei and mapped to LGX. Three of these six failed to complement
mutations in pag-3, which has an increased number of VC neurons
(Cameron et al., 2002). The remaining three mutants, n3412, n3413
and n3366 carried new alleles of unc-3 and are described here. The
unc-3(n3435) deletion allele was isolated by screening a library of
chemically-mutagenized C. elegans as described (Ceol and Horvitz,
2001; Jansen et al., 1997). n3435 was backcrossed ﬁve times to the
wild-type strain N2 before use.
The n3412, n3413 and n3366 mutants carried recessive X-linked
mutations that also conferred an uncoordinated (Unc) movement
defect like that of unc-3mutants (Brenner, 1974). We found that unc-3
(e151) mutants have an increased number of ﬂuorescent Plin-11gfp-
expressing nuclei, like n3412, n3413 and n3366mutants. n3412, n3413
and n3366 failed to complement unc-3(e151) for the Unc phenotype.
Analysis of the unc-3 coding sequence from n3412mutants revealed a
premature stop mutation identical to that of unc-3(e151). n3413 and
n3366 mutants also have mutations in the unc-3 coding sequence.
unc-3(n3413) is an R166W missense mutation, and unc-3(n3366) is a
P180L missense mutation.
Strains and alleles
Strains were maintained at 20 °C as described by Brenner (Brenner,
1974). Unless otherwise indicated, strains were obtained from the
MIT/Horvitz laboratory collection or were provided by the Caenor-
habditis Genetic Center, which is funded by the NIH National Center
for Research Resources.
Mutations used were
LGII. wdIs4, an integrated Punc-4gfp transgene; wdIs6, an integrated
Pdel-1gfp transgene (both provided by David Miller); juIs76, an
integrated Punc-25gfp transgene; inIs179, an integrated Pida-1gfp
transgene.
LGX. oxIs12, an integrated Punc-47gfp transgene; nIs106, an inte-
grated Plin-11gfp transgene (Cameron et al., 2002); pag-3(n3098)
(Cameron et al., 2002); wdEx75, an extrachromosomal Pacr-5gfp array
(provided by David Miller).
Analysis of unc-3 alleles
Using the Plin-11gfp reporter as a marker for the VC class of motor
neurons, we compared the number of neurons that express the
reporter in unc-3(e151), unc-3(n3412), and unc-3(n3435). The unc-3(n3435) allele is a deletion of all of exons 2, 3, 4 and 5 (Fig. 2). This
mutation results in an in-frame deletion of amino acids 30–188, which
encode most of the evolutionarily conserved amino acid sequence in
UNC-3, including those regions required for binding to DNA by the
UNC-3 homologue O/E-1 in the mouse (Hagman et al., 1993, 1995).
Mutants homozygous for the unc-3(n3435) mutation are viable with
an uncoordinated movement defect indistinguishable from that of
unc-3(e151) and unc-3(n3412) mutants. All three alleles of unc-3 have
similar numbers of Plin-11gfp-expressing neurons (Table 2). Together
these data suggest that e151, n3412 and n3435 are strong loss-of-
function or null alleles.
Cell-lineage and laser-ablation studies
Cell lineages were observed as described (Sulston and Horvitz,
1977). For laser-ablation studies, P cell lineages of L1 Plin-11gfp unc-3
(n3435)mutantswere followed to identify unambiguously the cellular
targets for ablation. Mutants were then anesthetized in 30 mM
sodium azide, transferred for laser ablation as described (Sulston and
White, 1980), and allowed to recover and develop to young adulthood
on an NGM agar plate with OP50 bacteria. Fluorescence optics were
used to determine the number of Plin-11gfp-expressing neurons.
Antibody staining
Animals carrying the indicated gfp reporter transgenes were ﬁxed
as described for 30 min in 4% paraformaldehyde (Finney and Ruvkun,
1990) and stained with UNC-3 antibody (Prasad et al., 1998). DAPI was
added at 1 μg/mL. FMRFamide staining was performed as described,
using collagenase for permeabilization (Li and Chalﬁe, 1990).
Antiserum against FMRFamide was kindly provided by Chris Li.
Dimerization assay and coimmunoprecipitation experiments
To construct the full-length unc-3 expression vector, full-length
unc-3 cDNA (SalI/NotI from unc3-pCMV-GST) was cloned into a CMV
promoter-driven mammalian expression vector (pRK5). To construct
the truncated unc-3 expression vector, the SalI/PvuII fragment from
unc3-pCMV-GST, which deletes the nucleotides that encode the C-
terminal 31 amino acids against which the UNC-3 antibody was
generated (Prasad et al., 1998), was cloned into myc-pRK5. 500 μl of
whole-cell extracts prepared from cells transiently transfected with
these constructs were incubated with 60 μl of Protein G beads for 2 h
at 4 °C, followed by six washes with PTP buffer (PBS/1% Triton/
protease inhibitors). Protein G beads were prepared by incubating
100 μl beads with antibodies (1 μl αUNC-3 (Prasad et al., 1998) or a c-
myc monoclonal antibody) for 1 h, followed by three washes with PTP.
Antibody-protein complex was eluted from the beads by boiling in
150 μl 2× sample buffer and analyzed on a western blot (αmyc-HRP or
αUNC-3).
For coimmunoprecipitations of PAG-3 and UNC-3, full-length pag-
3 cDNA (Jia et al., 1997) was cloned into pRK5 containing a C-terminal
myc tag using NotI and HindIII sites, and the full-length unc-3 cDNA
was cloned into pRK5 as above. Both constructs were expressed in
HEK293 cells after transient transfection using calcium phosphate.
Whole-cell extracts were prepared by lysis of one 10 cm plate of cells
in 1 ml of PTP Buffer at 4 °C for 30 min. The extracts were centrifuged
at maximum speed for 15 min to clear the lysate. αmyc ascites
antibody was incubated with the cleared lysates overnight in 0.1% SDS
and 500 mM NaCl. The protein-antibody mixtures were subsequently
incubated with 100 μl protein G beads (Ultralink protein G beads,
Pierce) for 1 h at room temperature. The beads were washed six times
with PTP/0.1% SDS/500 mM NaCl followed by a single wash with
ddH2O. 150 μl 2× sample buffer was added to the beads, the samples
were boiled and analyzed using a western blot with the αUNC-3
antibody and an HRP-conjugated secondary antibody.
Fig. 1. unc-3mutants have extra VC-like neurons. (A) Wild-type hermaphrodite expressing the Plin-11gfp reporter. Wild-type animals have six VC neurons (arrowheads), two of which
are variably obscured by vulval ﬂuorescence. In this animal, ﬁve VC neurons were visible. (B) unc-3 hermaphrodite expressing the Plin-11gfp reporter. (C) unc-3 mutant stained with
antiserum against the neuropeptide FMRFamide, with three staining nuclei in a small region of the ventral nerve cord, including two cell bodies that are adjacent. Wild-type animals
do not have adjacent FMRF-amide positive neurons (data not shown). (D) unc-3 hermaphrodite stained with antiserum against the neuropeptide FMRFamide and with DAPI. (E)
Wild-type hermaphrodite expressing the Pida-1gfp reporter. (F) unc-3mutant expressing the Pida-1gfp reporter. All mutant animals carried the unc-3(n3435) allele and are adults. Scale
bar in panel A applies to images A, B, E and F. Anterior, leftwards, ventral, downwards.
Table 1
Numbers of VC and VC-like cells in unc-3 mutants
Genotype No. ﬂuorescent nuclei n
nIs106 (Plin-11gfp) 4.3±0.4 50
nIs106 unc-3(e151) 8.1±0.1 36
nIs106 unc-3(n3412) 8.3±0.3 35
nIs106 unc-3(n3435) 8.5±0.3 46
The number of Plin-11gfp-expressing nuclei in the ventral nerve cords of adult
hermaphrodites is shown. Values are means±s.e.m. Two VC neurons, VC4 and VC5,
are often obscured by vulval ﬂuorescence and were not scored.
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Two-hybrid experiments were performed with the yeast strain
Y190 (MATa gal4 gal 80 his3 trp1-901 ade2-101 ura3-52 leu2-3,-112+
URA3::GAL≥ lacZ, LYS2::GAL≥HIS3 cyhr) (Harper et al., 1993). Yeast was
grown at 30 °C in 1% yeast extract, 2% peptone, and 2% dextrose (YPD),
synthetic complete (SC), or CSMdropoutmedium (Bio101, Carlsbad, CA).
A BsaHI fragment containing the C-terminal third of unc-3 cDNA was
subcloned into pAS1-CYH2 (bait) encoding the GAL4 DNA-binding
domain and a leu-2 selection marker. The resulting plasmid, pASI-
uncHLH,was transformed intoY190, and Leu+ colonieswere selected.An
individual isolatewas transformedwith a construct containing the same
unc-3 fragment fused to the GAL4 transactivation domain in pACTII.
Double transformants were plated on SC-Leu,-Trp,-His minimal plates
containing 50 mM 3-aminotriazole (Sigma) to reduce leaky expression
of HIS3. His+colonies from the primary selection were subsequently
screened for both the His phenotype and β-galactosidase activity.
Results
unc-3 mutants have extra VC-like neurons
The gene lin-11 is expressed in the six VC motor neurons of the
ventral nerve cord. In a genetic screen of descendants of mutagenizedhermaphrodites carrying a Plin-11gfp reporter (Cameron et al., 2002)
(see Materials and methods), we identiﬁed n3412, n3413 and n3366 as
mutants with approximately four extra ﬂuorescent neurons in the
ventral nerve cord of adults as compared to wild-type animals (Fig. 1,
Table 1, and see below). We determined that all three mutants carried
recessive alleles of unc-3 (see Materials and methods). Based on the
uncoordinated movement defect, the number of Plin-11gfp-expressing
neurons and DNA sequence analysis, the unc-3 reference allele e151,
n3412 and a deletion allele n3435 that we isolated are strong loss-
of-function or null alleles (Table 1 and Fig. 2). Except where indicated,
we used the unc-3(n3435) allele for the analyses described here.
Images of unc-3(n3435) are shown in Fig. 1.
Fig. 2. (A) unc-3 exons are indicated as shaded boxes. The n3435 deletion is indicated
above exons 2, 3, 4 and 5. (B) The UNC 3 protein is represented with an indication of the
location of the protein sequences altered in the e151, n3412, n3413, n3366 and n3435
alleles. Shaded boxes indicate the zinc ﬁnger and helix domains.
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markers, ida-1 (Zahn et al., 2001) and the neuropeptide FMRFamide
(Schinkmann and Li, 1992). Using a Pida-1gfp reporter construct, unc-
3 mutants had about three extra neurons that express the reporter
(Table 2). Using an antiserum against FMRFamide, we identiﬁed
extra FMRFamide-expressing neurons in the ventral cord (Fig. 1),
although it was not possible to count precisely the number of neurons
in stained animals because they were fragmented by the staining
protocol. The ventral nerve cord of unc-3 mutants therefore contains
approximately three to four extra neurons that express three different
markers of VC fate. We refer to these extra neurons as “VC-like.”
The A and B class motor neurons are abnormal or absent in unc-3
mutants
unc-3 mutants are severely defective in forwards and backwards
movement, suggesting that the class A (DA and VA) and B (DB and VB)
neurons, which mediate locomotion (Chalﬁe et al., 1985), could be
defective. At hatching, L1 animals have nine DA, seven DB and six DD
neurons in the ventral nerve cord and associated ganglia (Sulston and
Horvitz, 1977). Beginning late during L1, a series of divisions by the W
and P blast cells generates postembryonic neurons, adding 12 VA, 11
VB, six VC and 13 VD neurons as well as additional cells to the ventral
nerve cord; these divisions are completed during the early L2 (Sulston
and Horvitz, 1977).Table 2
Expression of motor neuron markers in unc-3 mutants
Stage VA and/or DAa VB and/or DB
Punc-4gfp Punc-4gfp; unc-3 bPacr-5gfp Pacr-5gfp; unc-3 cPdel-1gfp
L3 10.9±0.3 15.1±0.4 13.3±0.3 4.1±0.4 9.0±0.0
L1 2.8±0.3 1.3±0.2 5.4±0.1 1.5±0.1 0.0±0.0
L3-L1 8.1±0.6 14.0±0.6 7.9±0.4 2.6±0.5 9.0±0.0
VC
dPlin-11gfp Plin-11gfp; unc-3 dPida-1gfp Pida-1gfp; unc-3
Adult 4.2±0.1 8.5±0.3 6.0±0.0 9.0±0.3
L3 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0
L1 0.0±0.0 0.0±0.0 0.0 ±0.0 0.0±0.0
The numbers of ﬂuorescent nuclei in the ventral nerve cords of otherwise wild-type and u
mean±s.e.m. For Punc-4gfp we scored the P3 P11 region; for Pacr-5gfp and Pdel-1gfp we scored
nuclei present in the ganglia in the anterior and posterior nerve cord.
a The Punc-4gfp reporter detects DA and VA neurons in L3 animals (1, 2). The VC neurons
b The Pacr-5gfp reporter is an extrachromosomal array and can be lost mitotically in some
number when compared to the integrated Pdel-1gfp reporter.
c The Pdel-1gfp reporter is expressed in the VA neurons in the anterior portion of the ven
neurons. The numbers for L3 animals do not include these VA nuclei.
d The Plin-11gfp and Pida-1gfp reporters are ﬁrst expressed in L4 animals; young adults were
the VC4 and VC5 nuclei, which ﬂank the vulva. Pida-1gfp is not expressed in the vulva. The
additional VC neurons in otherwise wild-type animals.To assess the role of unc-3 in establishing this precise pattern of
motor neuron types, we surveyed speciﬁc classes of motor neurons
using gfp reporters. For most neuronal classes we counted the number
of neurons expressing each reporter in L3 larvae, which have
differentiated embryonic and postembryonic class A, B and D motor
neurons. To estimate the number of postembryonic neurons, we
subtracted the number of neurons expressing each reporter in L1
animals, which have only the embryonic motor neurons, from the
number in L3 animals. The VC neuron reporters are not expressed
until the late L3 or L4 (Table 2 and data not shown), and these
reporters were scored in young adults. Using these data we estimated
the number of reporter-expressing embryonic and postembryonic
neurons in unc-3 mutants. Our results are presented in Table 2.
The embryonic DA and postembryonic VA and VC motor neurons
express the Punc-4gfp reporter (Lickteig et al., 2001; Miller and
Niemeyer, 1995). In L1 unc-3 mutants, the number of embryonic DA
motor neurons is reduced to 1.3±0.2 Punc-4gfp-expressing neurons
compared to 2.8±0.3 in otherwise wild-type animals (Pb0.0001,
unpaired two-tailed t-test) (Table 2). The ventral nerve cord of unc-3
mutants has a normal number of neuronal nuclei (data not shown)
suggesting that the DA neurons are not missing and instead develop
abnormally in unc-3 mutants. In contrast to the decreased number of
embryonic Punc-4gfp-expressing neurons, L3 unc-3 mutants have an
increased number of Punc-4gfp-expressing neurons compared to wild-
type animals; 15.1±0.4 neurons express Punc-4gfp in unc-3 mutants
compared to 10.9±0.3 in the wild-type (Pb0.0001, unpaired two-
tailed t-test) (Table 2). Previous work had suggested that the levels of
Punc-4gfp expression in unc-3mutants are not markedly different from
wild-type (Prasad et al., 1998). On re-examining the effects of unc-3 on
the numbers of neurons that express unc-4, we discovered stage-
dependent and opposite effects in the embryonic and postembryonic
ventral nerve cord, likely accounting for why this difference had not
been observed earlier.
We observed that expression of Punc-4gfp in L3 unc-3 mutants
occurred in pairs of adjacent nuclei along the ventral nerve cord with
the exception of the posterior nerve cord, where single ﬂuorescent
nuclei were present. This observation suggested that the additional
Punc-4gfp-expressing neurons might normally be the VB motor
neurons, which are generally immediately posterior to the VA motor
neuron nuclei and absent from the P11 and P12 lineages in the
posterior, where the lineal homologs of the VB neurons undergo
programmed cell death (Sulston and Horvitz, 1977). We conﬁrmedVD and/or DD
cPdel-1gfp; unc-3 Punc-25gfp Punc-25gfp; unc-3 Punc-47gfp Punc-47gfp; unc-3
2.5±0.3 17.6±0.4 18.4±0.2 18.7±0.1 18.6±0.1
0.0±0.0 6.0±0.0 6.0±0.0 6.0±0.0 6.0±0.0
2.5±0.3 11.6±0.4 12.4±0.0 12.7±0.1 12.6±0.1
nc-3 mutant transgenic animals are shown. n=30–50 in all cases. Numbers represent
the P2–P10 region; these regions were chosen to avoid scoring additional ﬂuorescent
of wild-type animals do not express Punc-4gfp until late L3 or L4 (3).
cells, which may account for the small difference in the estimate of VB motor neuron
tral nerve cords of late L3 animals (4). Initial VA expression is dimmer than in the VB
scored. Plin-11gfp is expressed in vulval muscle and hypodermal cells, typically obscuring
VC4 and VC5 neurons are visible in animals carrying Pida-1gfp, accounting for the two
Fig. 3. Identiﬁcation of the source of the extra VC-like neurons in unc-3 mutants. (A)
Diagram of a wild-type P cell lineage, with normal motor neuron fates indicated below
the terminal cells generated by the wild-type lineage (11). Five series of laser-ablation
experiments were performed. An “X” across a dividing cell (vertical line) and a number
in parentheses adjacent to the “X” indicates each of ﬁve cell ablation studies. P cell
lineages were observed in late L1 unc-3(n3435) mutant larvae, and the indicated cells
were ablated shortly after their generation. Recovered animals were then allowed to
grow until young adulthood, at which point they begin to express Plin-11gfp, and were
then scored. Pn.aap, the posterior daughter of the anterior daughter of the anterior
daughter of any P blast cell. The Pn.aap cells, which in P3-P8 lineages of wild-type
animals differentiate to become VC neurons and express Plin-11gfp, are indicated with a
green circle. To avoid possible confusion between gfp-expressing descendants of P2 and
P3 we chose to ablate P2-5 progeny. (B) Summary of laser-ablation data. Numbers in the
“Ablation series” correspond to cells killed as indicated in panel A. The number of
animals with the indicated number of ﬂuorescent nuclei are shown; animals lacking
ﬂuorescent nuclei in the operated region are indicated as having “0 neurons.” n, number
of successfully operated animals. ⁎One animal had two ﬂuorescent nuclei rather than
the three expected, presumably as a result of collateral damage to a VC motor neuron,
which is immediately posterior to an ablated cell in this series, Pn.aaa.
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observing partial cell lineages of the P9 and P10 blast cells of six unc-3
mutants carrying the Punc-4gfp transgene. Each P9 and P10 cell lineage
of wild-type animals generates one VA and one VB neuron as daughter
cells of the neuroblasts P9.aaa and P10.aaa (Pn.aaa, the anterior
daughter of the anterior daughter of the anterior daughter of any P
blast cell) (Sulston and Horvitz, 1977). We observed that all of the VA
neurons of unc-3 mutants expressed gfp within an hour after the
division that generated them; expression in the VB neurons became
apparent 2 to 3 h later in seven of 12 VB neurons generated by the two
P cell lineages in the six animals. Most but not all VB neurons of unc-3
mutants express Punc-4gfp. 33 of 50 VB neurons scored at random from
the P9 and P10 descendants of 25 L3 unc-3 mutants expressed gfp,
compared to none of 50 wild-type animals (data not shown). We
considered the possibility that the unc-4 genemight mediate essential
aspects of the unc-3mutant phenotype; if so, themovement defects of
an unc-4; unc-3 double mutant might be more similar to unc-4 than to
unc-3. We constructed unc-4; unc-3 double mutants and conﬁrmed
the genotype by DNA sequencing. The movement defect of the double
mutant was indistinguishable from an unc-3 mutant, suggesting that
unc-4 is one of multiple target genes of unc-3 in ventral nerve cord
motor neurons.
Consistent with the VB motor neurons being abnormal in unc-3
mutants, B class motor neuron markers were often not expressed in
unc-3 mutants. As assessed using the Pacr-5gfp reporter, which is
expressed in DB and VB motor neurons (Winnier et al., 1999), the
number of embryonic DB motor neurons of L1 unc-3 mutants was
reduced from 5.4 ± 0.1 in the wild-type to 1.5 ± 0.1 in unc-3 mutants
(Pb0.0001, unpaired two-tailed t-test) (Table 2). As determined by
expression of Pacr-5gfp and a second marker, Pdel-1gfp, which is
expressed speciﬁcally by VB motor neurons (Winnier et al., 1999),
two-thirds of the VB motor neurons of unc-3 mutants also failed to
develop normally (Table 2). These defects in the class B motor
neurons, which are required for forward movement (Chalﬁe et al.,
1985), likely account for the severe abnormality in forwardmovement
of unc-3 mutants.
By contrast, expression of two class D-speciﬁc markers, Punc-47gfp
and Punc-25gfp, was normal in the embryonic DD and postembryonic
VD motor neurons of unc-3 mutants (Table 2).
In summary, unc-3 is essential for normal differentiation of DA, DB
and VB motor neurons but apparently dispensable for differentiation
of class D neurons. unc-3 represses the VA and VC-speciﬁc gene unc-4
in the VB motor neurons, suggesting that these neurons are
transformed to a VA or VC-like fate. We provide further support for
this suggestion below.
unc-3 represses the VC fate in the VA and VB motor neurons
We previously described the gene pag-3, which when mutant
results in a phenotype with similarities to that of unc-3mutants. pag-
3mutants are uncoordinated and have an increased number of VC-like
motor neurons, a reduced number of VA neurons and a marked
deﬁciency in the number of VB motor neurons (Cameron et al., 2002).
pag-3 determines the fates of the neuroblasts that generate the VA, VB
and VC motor neurons during postembryonic development. In wild-
type animals the Pn.aa neuroblasts divide to generate a posterior VC
neuron and Pn.aaa, a neuroblast that is the mother of the VA and VB
motor neurons (the wild-type P cell lineage is diagrammed in Fig. 3)
(Sulston and Horvitz, 1977). In pag-3 mutants the Pn.aaa neuroblast
instead reiterates the fate of its mother, Pn.aa, generating additional
VC-like neurons and a neuroblast that again reiterates the pattern of
division of Pn.aa (Cameron et al., 2002). Together these defects result
in extra VC-like neurons and fewer neurons that express VA and VB
markers.
To determine directly whether unc-3mutants might have a lineage
defect like that of pag-3mutants, we observed P cell lineages in unc-3mutants. We found that the pattern and timing of divisions were
normal; speciﬁcally, we did not observe a reiterative pattern of
divisions that might lead to additional VC-like motor neurons or other
cells (data not shown, and see below). To explore further which
neurons might be transformed to a VC-like fate in unc-3 mutants as
deﬁned by expression of Plin-11gfp, we followed P cell lineages in unc-3
mutants carrying the VC-speciﬁc Plin-11gfp reporter and used a laser
microbeam to ablate speciﬁc cells. We sought to identify those cell(s)
that when ablated restored a wild-type pattern of Plin-11gfp reporter
expression; such cells would be either directly or indirectly respon-
sible for generation of the extra Plin-11gfp -expressing cells.
Whereas wild-type animals have three VC neurons (P3.aap, P4.aap
and P5.aap) in the anterior ventral nerve cord (Sulston and Horvitz,
212 B. Prasad et al. / Developmental Biology 323 (2008) 207–2151977), most Plin-11gfp unc-3mutants have more than three ﬂuorescent
VC-like nuclei in this region (Fig. 1). Ablations of the P2-P5.ap
neuroblasts, which in wild-type animals generate the AS and VD
neurons, did not alter the number or pattern of ﬂuorescent nuclei.
Ablations of the P2-5.aa neuroblasts, which in wild-type animals
generate the VA, VB and VC neurons, removed all ﬂuorescent nuclei.
These data suggest that extra VC-like neurons arise as descendants of
Pn.aa. Ablations of P2-5.aaa, which inwild-type animals divide once to
generate the VA and VB motor neurons, restored the pattern of
ﬂuorescence to that of the wild-type. Ablations of P2-5.aaaa, which in
wild-type animals are the VAmotor neurons, resulted in at least some
animals with extra ﬂuorescent VC-like nuclei, as did ablations of P2-5.
aaap, which normally are the VB motor neurons (Fig. 3). Together
these data suggest that unc-3 represses a VC-like program of
development in some VA and VB motor neurons. unc-3 could perform
this role in the precursors of the VA and VB neurons or alternatively in
differentiating cells.Fig. 4. unc-3 is expressed postembryonically in the VA and VB but not the VC or VD motor n
neuron type speciﬁc promoter, (ii) UNC-3 protein detected with UNC-3 antiserum (αUNC-3),
indicated class(es) of motor neurons. Residual ﬂuorescence from GFP after ﬁxation was used
neurons. Images are from animals carrying the Punc-4gfp reporter, which is expressed in DA, V
(B) unc-3 is expressed in the class B motor neurons. Images are from animals carrying the Pd
reporter is visible in some VA neurons at the anterior end of the ventral nerve cord (19). Them
a VA motor neuron and is marked by a small arrowhead above the nucleus. (C) unc-3 is n
reporter, which is expressed in the VC motor neurons (13). (D) unc-3 is not expressed in the
expressed in the DD and VDmotor neurons (40). Anterior, leftwards; ventral, downwards. Ar
examined except for Plin-11gfp, for which young adults were examined.unc-3 is expressed in differentiating VA and VB neurons and not in the
VC, VD or DD motor neurons
We extended the previously published analysis of the unc-3
expression pattern by using UNC-3 antiserum (Prasad et al., 1998) to
stain transgenic animals carrying gfp reporters expressed in speciﬁc
classes of motor neurons. We conﬁrmed that L1 animals shortly after
hatching showed expression of unc-3 in the embryonic DA and DB
motor neurons; no staining of the DD neurons was detected (data not
shown). L2 and L3 animals showed bright staining of the VA and VB
motor neurons but not of the precursor cell that generated them (Fig.
4 and data not shown). We never observed staining of the VC, VD or
DD motor neurons. Staining remained readily detectable in the motor
neurons of adult animals, although at lower levels than in L2 animals
(Fig. 4 and data not shown). In summary, we detected UNC-3 in the
class A and B motor neurons, which are defective in unc-3 mutants,
but not in the class D or VC neurons, which appear normal.eurons. Each set of four panels displays images of neurons showing (i) gfp from a motor
(iii) DAPI, (iv) a merged image. Each set of four panels assesses expression of unc-3 in the
to detect speciﬁc classes of motor neurons. (A) unc-3 is expressed in the class A motor
A and VCmotor neurons (17, 39). unc-3 is not expressed in the VC neurons (see panel C).
el-1gfp reporter, which is expressed in the VB motor neurons. In L3 animals the Pdel-1gfp
ore anterior nucleus of each pair of ﬂuorescent nuclei in the anterior half of this image is
ot expressed in the VC motor neurons. Images are from animals carrying the Plin-11gfp
VD motor neurons. Images are from animals carrying the Punc-47gfp reporter, which is
rowheads indicate speciﬁc motor neurons identiﬁed by gfp expression. L3 animals were
Fig. 5. UNC-3 can form homodimers. HEK293 cells were transfected with the indicated
constructs, immunoprecipitations were performed using the indicated antisera,
proteins were resolved using SDS-PAGE, and UNC-3 was detected on western blots
with UNC-3 antisera that distinguished full-length and truncated UNC-3. (A) mycUNC-
3ΔC-term, a myc-epitope-tagged construct that encodes an UNC-3 protein lacking the
C-terminal 31 amino acids to which the UNC-3 antibody (αUNC-3 C-term) binds; the
protein generated by this construct is not recognized by the αUNC-3 C-term
antiserum, which was raised against this C-terminal peptide (2). Filled arrowhead
indicates full-length UNC-3. The asterisk indicates an irrelevant band detected by the
UNC-3 antiserum running slightly below UNC-3. (B) Filled arrowhead indicates
mycUNC-3ΔC-term.
Fig. 6. Coimmunoprecipitation of PAG-3 and UNC-3. HEK293 cells were transfectedwith
the indicated constructs, myc-epitope-tagged PAG-3 was immunoprecipitated with
anti-myc antiserum, proteins were resolved using SDS-PAGE, and UNC-3 was detected
on a western blot with UNC-3 antiserum (αUNC-3). Filled arrowheads indicate UNC-3
protein. The asterisk indicates an irrelevant band detected by the UNC-3 antiserum
running slightly below UNC-3.
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The O/E proteins of vertebrates include a variant HLH domain that
is essential for homodimerization and for heterodimerization with
other O/E family members (Hagman et al., 1995; Wang et al., 1997).
The invertebrate homologs do not contain a canonical HLH motif, as
they lack the second helix present in the vertebrate proteins. An
alternative HLH structure has been proposed, consisting of an
evolutionarily conserved helix and an additional, more N-terminal
helix, but the functionality of this organization in UNC-3 or the Dro-
sophila counterpart Collier has not been demonstrated (Crozatier et al.,
1996).
Biochemical studies of the UNC-3 ortholog EBF1 of mice revealed
two distinct dimerization domains, the HLH domain and a domain
that mediated interaction between DNA-bound EBF1 proteins (Hag-
man et al., 1993, 1995). O/E-1 can bind weakly to an Olf1 binding site
as a monomer, and an isoform of O/E-4 lacking the second helix can
bind DNA, suggesting that proteins lacking the second dimerization
domain might be functional as monomers (Wang et al., 1997). The
completely sequenced C. elegans genome contains only one O/E
homolog, UNC-3, and it is therefore unresolved whether UNC-3
heterodimerizes with an unrecognized O/E-like protein, homodi-
merizes using interactions that do not require the conserved second
α-helix that is absent from the invertebrate proteins, or acts as a
monomer.
We expressed in HEK293 cells a full-length UNC-3 together with
myc epitope-tagged UNC-3 in which the C-terminal 31 amino acids
had been deleted and performed immunoprecipitation experiments.
An antibody that recognized either the myc epitope or the C-terminus
of UNC-3 was used for immunoprecipitation, and the other antibody
was used for western blots. In both sets of experiments the full-lengthand C-terminally truncated forms of UNC-3 coimmunoprecipitated,
suggesting that UNC-3 can homodimerize (Fig. 5).
We independently conﬁrmed homomeric interactions of UNC-3
protein using a yeast 2-hybrid assay. When the C-terminal UNC-3
region including amino acids 336–492 containing the α-helical loop
was fused to the GAL4 DNA-binding domain and the same region of
UNC-3 was fused to a transcriptional activation domain, we observed
β-galactosidase and HIS3-reporter expression that was dependent on
the presence of both plasmids (data not shown).
UNC-3 and PAG-3 are coexpressed in the VA and VB motor neurons and
can physically interact
pag-3 encodes a predicted 337 amino acid transcription factor
with ﬁve C2H2 zinc ﬁngers (Jia et al., 1997). PAG-3 antiserum detects
protein in the Pn.aa neuroblasts and their descendants, the VA, VB
and VC neurons (Cameron et al., 2002); that protein becomes
undetectable very shortly after the VA, VB and VC neurons are
generated. PAG-3 is not present in the ASI neurons (data not shown),
which express UNC-3 (Prasad et al., 1998). PAG-3 and UNC-3 are
therefore coexpressed in the VA and VB motor neurons during a very
brief period immediately after these neurons are generated. As unc-3
is expressed in only the ASI neurons and ventral nerve cord motor
neurons, the VA and VB motor neurons are likely to be the only cells
of the postembryonic larva or adult in which pag-3 and unc-3 are
coexpressed.
The mammalian orthologs of UNC-3, the O/E proteins, physically
interact with OAZ, a protein with 30 predicted C2H2 zinc ﬁngers (Tsai
and Reed, 1998). We therefore tested the possibility that UNC-3 and
PAG-3, a C2H2 zinc ﬁnger protein, might physically interact. We
constructed epitope-tagged proteins, expressed them in HEK293 cells
and tested their interaction using a coimmunoprecipitation assay.
Immunoprecipitation of either UNC-3 or PAG-3 from cell lysates
expressing both proteins resulted in coimmunoprecipitation of both
proteins (Fig. 6), suggesting that UNC-3 and PAG-3 might physically
interact in differentiating VA and VB motor neurons. If unc-3 and
pag-3 act together to repress the VC fate in the VA and VB neurons,
unc-3 pag-3 double mutants might be expected to have a number of
VC neurons similar to that of single mutants. Indeed, unc-3 pag-3
mutants have the same number of VC-like neurons as pag-3 mutants
(Table 3). To address the possibility that unc-3 expression may
depend upon pag-3 function in a manner analogous to that of unc-86
and mec-3 (Xue et al., 1992, 1993), we examined the expression
pattern of unc-3 in pag-3 mutants by whole-mount staining with
UNC-3 antiserum. Many motor neurons in the ventral nerve cord of
Table 3
Numbers of VC and VC-like neurons in unc-3 and pag-3 double mutants
Genotype No. ﬂuorescent nuclei
ced-3; Plin-11gfp 8.7±0.1
ced-3; Plin-11gfp unc-3(e151) 12.6±0.2
ced-3; Plin-11gfp unc-3(n3412) 13.3±0.2
ced-3; Plin-11gfp unc-3(n3435) 12.2±0.2
ced-3; Plin-11gfp pag-3 19.9±0.3
ced-3; Plin-11gfp unc-3(e151) pag-3 19.6±0.4
ced-3; Plin-11gfp unc-3(n3435) pag-3 19.5±0.3
The number of ﬂuorescent nuclei seen in the ventral nerve cords of adult
hermaphrodites is shown, scoring all ﬂuorescent descendants of P2 through P12,
inclusive. The ced-3(n717)mutation was included in these strains to ensure that all VC-
like cells generated would survive and be counted, as some VC-like cells generated by
the P2 and P9–P12 lineages of pag-3 mutants undergo programmed cell death
(Cameron et al., 2002). The pag-3(n3098) allele used is a strong loss-of-function or null
allele (Cameron et al., 2002).
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that pag-3 is required for unc-3 expression by all motor neurons
(data not shown).
Discussion
Prior studies of unc-3 established its role in regulating transcrip-
tion in the ASI chemosensory neurons (Kim et al., 2005). In the ASI
neurons, unc-3 directly represses the transcription of genes normally
expressed in other neuron types and is required for transcription of
daf-7, a gene that regulates entry in the dauer larva stage, an
alternative developmental program adapted for survival under
unfavorable environmental conditions. Together, these ﬁndings
suggest that unc-3 mutants have defects in dauer entry at least in
part because the transcriptional program associated with the ASI fate
is defective. Our ﬁndings concerning the role of unc-3 in the motor
neurons of the ventral nerve cord suggest a similar explanation for the
defects in locomotion of unc-3 mutants. Using motor neuron-speciﬁc
markers, the A and B class motor neurons are abnormal in unc-3
mutants. Our laser-ablation data indicate that some VA and VB motor
neurons of unc-3mutants express Plin-11gfp, a marker that is normally
restricted to VC neurons. Some VB neurons of unc-3 mutants also
express the VA and VC-speciﬁc marker Punc-4gfp. The timing of this
expression, which begins shortly after the cells are generated, is
characteristic of VA motor neurons and our data suggest that more
VB neurons express Punc-4gfp than Plin-11gfp or Pida-1gfp, speciﬁc
markers of the VC fate. These data suggest that in unc-3 mutants
the VB motor neurons are transformed to a mixed VA and VC-like
fate similar to that of the VA neurons of unc-3 mutants. We there-
fore propose that unc-3 represses a VC-like program in the VA and
VB neurons, and a VA-like program in the VB neurons. As the A and
B class motor neurons are required for backwards and forwards
locomotion (Chalﬁe et al., 1985), respectively, these abnormalities
are probably responsible for the profound defect in locomotion of
unc-3 mutants. Previous studies of unc-3 mutants had described
inappropriate synaptic neural connections and a disorganized
ventral nerve cord with defasciculated axons (Durbin, 1987; Prasad
et al., 1998), including FMRFamide-positive axons on the wrong side
of the nerve cord (Wightman et al., 1997). Some of these defects
might reﬂect on the abnormal motor neuron fates we observed
rather than a primary role for unc-3 in controlling fasciculation or
connectivity.
The vertebrate O/E genes are expressed in postmitotic neurons of
the developing CNS (Davis and Reed, 1996). Electroporation into chick
embryos of a dominant-negative form of the O/E protein Ebf1 blocks
neuronal differentiation without interfering with cell cycle exit
(Garcia-Dominguez et al., 2003). Our analyses of mutant C. elegans
completely lacking unc-3 function revealed that the timing of
neuroblast cell divisions was similar to that in wild-type animals,and we did not observe additional rounds of neuroblast divisions, as
might be expected if unc-3 were required for cell cycle exit.
In mice, mutations in members of the O/E gene family result in
abnormal neuronal migration and axon pathﬁnding in several systems
(Garel et al., 1999, 2000; Wang et al., 2004). Migrating facial
branchiomotor neurons respond to their changing environment by
altering gene expression; this process is defective in O/E-1 mutants
(Garel et al., 2000). In the olfactory system, disruption of the O/E-2 or
O/E-3 genes leads to defects in axonal projection to the olfactory bulb
(Wang et al., 2004). In spite of the overlapping expression of all four O/
E family members in these sensory neurons, loss of both alleles of a
single member (or even single alleles of O/E-2 and O/E-3 in double
heterozygous animals) is sufﬁcient to produce widespread defects in
neuronal organization. These experiments further suggested that
defects in axon pathﬁnding might be a consequence of reduced
odorant receptor expression in migrating axons, suggesting that they
are cell autonomous defects rather than a result of an inappropriate
response to environmental cues during migration. Our data from C.
elegans, in which we have precisely described defects in cell fates
established by differentiating neurons in their normal locations,
strongly support the proposal that the neurons are intrinsically
defective (Garel et al., 1997; Wang et al., 2004).
unc-3 is expressed in chemosensory neurons and in several
different classes of motor neurons, suggesting that the UNC-3 protein
cooperates with other factors to determine cell fates. We report here
that UNC-3 and PAG-3 can physically interact when coexpressed in
mammalian cells, and our expression studies using antibodies that
recognize UNC-3 and PAG-3 suggest that the two proteins are present
together transiently in the VA and VB motor neurons as they are
generated by the Pn.aaa divisions. To test the idea that PAG-3 and
UNC-3 act together to specify some aspect of VA or VB fate, we
constructed unc-3 pag-3 double mutants and found that they had a
phenotype similar to that of pag-3 single mutants in the ventral nerve
cord. However, the VA and VBmotor neurons are missing or abnormal
in pag-3mutants at least in part because of a cell lineage defect in Pn.
aaa, the mother of the VA and VB motor neurons (Cameron et al.,
2002) and we are therefore unable to directly test the functional
importance of the interaction between PAG-3 and UNC-3 in a
convincing manner in these neurons. Nonetheless, it is interesting to
note the extent to which the expression patterns overlap of the
vertebrate orthologs of pag-3 and unc-3, the Gﬁ-1 and the O/E genes,
in olfactory epithelium (Wallis et al., 2003) and hematopoietic cells.
We have previously described the expression and role of the Gﬁ-1
ortholog pag-3 in the P neuroblast lineages (Cameron et al., 2002) and
of the Gﬁ-1 orthologs in hematopoietic lineages (Hock et al., 2003;
Saleque et al., 2002). We describe here that pag-3 expression
immediately precedes expression of unc-3, that pag-3 and unc-3 are
brieﬂy coexpressed, and that pag-3 is repressed as unc-3 expression
is established. A similar pattern exists for pag-3 and unc-3 orthologs
as hematopoietic stem cells (HSCs) commit to lymphoid lineages.
Gﬁ-1 is expressed in HSCs and controls their proliferation, then is
partially repressed as the HSCs generate committed progenitors
including common lymphoid progenitors, in which O/E-1 expression
is ﬁrst detected (Akashi et al., 2003; Dias et al., 2005; Hock et al.,
2003; Krivtsov et al., 2006). These data suggest that Gﬁ and O/E
proteins might physically interact to specify aspects of cell lineage
and cell fate in vertebrates, as we have found that such proteins do in
C. elegans.
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